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ABSTRACT 

The purpose of this investigation "was to establish the economic 
effect of increasing the pulse repetition rate upon the size, ireight, 
and cost of radar modulators. Three line-type circuits 'with re- 
petition frequencies of liOO, 2,000, and 10,000 rrero designed. The 
size, weight, and cost of the principal coiaponents were deteminod 
by reference to mnufacturers * manuals and catalogues and by con- 
sulting design engineers of firme in the area. For the three 
EKxiulatQrs considered, size (volus»), weight, and cost figures in 
order of ascending pulse repetition rates, i.e., UOO, 2kc, and 
lOloc, are: volume in cubic inches - 2U8.20, 96.0?, l?6.06j weight 
in pounds - 6.9?5> 7»1} cost In dollars - 132.08, 105*3B, 

232 . 33 . These figures iMlude only the principal components of 
the modulator} i.e., charging reactor, switch tube, pulse-forming 
network, shunt diode, and shunt resistor. Additional items such 
as chassis, various wiring circuits, pulse transformer, t\ibe sockets, 
and labor costs have been omitted in the daAa, but their influence 
is discussed. It is concluded that m increase in pulse repetition 
rate may result In a decrease in the size and weight of the radar 
modulator. If the modulators were actud.ly under construction, the 
cost differential may be such as to be of little significance. 
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IIITRODOCTION 



Tho object of this thesis is to ascertain the effect of 
varying the pulse repetition rate upon the siao, ireight, and cost 
of radar modulators* It was believed that through the Beans of 
changing the repetition rate to higher value, a modulator of less 
weight aiKi smaller siso could bo developed. The trend of cost, 
however, was more questionable. The work that follows was made 
in order to establisli Just what economic trend would appear. 

The radar modulator is the heart of the radar system. The 
pulser, another title for the modulator, controls the operation of 
the transmitter. The fxmetion of the modulator is to deliver power 
to tho transmitter in pulses of satisfactory diape, duration, euid 
repetition freqiKsncy. Fed into the magnetron of tho transmitter, 
these power -packed pulses emanate as radio frequency enei^y. Tho 
modulator, therefore, can be considered the keyer of tho radar 
system. 

Since we are interested in establishing a trend in tho size, 
weight and cost of radar acdulators with increasing pulse rate, wo 
have arbitrarily selected pulse duration and average power to be 
constant. To hold average power constant is reasonable since In any 
installation, particularly aircraft, the radar manufacturer has a 
fixed power supply which ho must use. He must remain within the 
power limitations. Otherwise, each nsw radar system would require 
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that the entire eloctrical systen of that typo plane bo redesigned. 
Therefore, holding average jjower constant is not only desirable, but 
also a realistic approach for conparison. 

One aust consider the radar range equation to evaluate the 
effect of holding average power constant. The range equation may 
bo expressed as follows: 
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1 /diere is the pulse povver output, X is the puls© duration, 

is the minimum detectable echo pxxlse energy, is the characteristic 

of tlM antenna, and is the reflecting effectiveness of tho object. 

For purposes of conparison it is assuemd tlmt the characteristics of 
the antenna and tho reflectivity of the object remadji unchanged. Noting 
that the paak po'»ver equals the average povver divided by the duty ratio, 
and making this substitution, the range equation takes the following 
form: 

n . ^ i 

“max (f^ since P^^ is constant, (2) 



We ncm have reiuced the equation to the point wlicro tho rai^o is 
invoraely proportional to the fourth root of the pulse repetition 
rate and tho nininum detectable enerj^r. One night question the 
advisability of going to higher pulse ratos sinco it appears that 
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any increase in the pulse frequency td.ll have an adverse effect 
upon ths reingo . wo have said nothing about the lainimum detectable 
echo pulse energy yet. 

Consider now the echo pulse energy. If it is assusied that 
the iK-ans of presentation is an "A" scope, then this energy will 
produce a deflection of the trace. If the signal is strong, there 
will be no difficulty in detecting the deflection above the noise 
background. As the signal gets weaker and weaker, the deflection 
will eventually subside into this background of noise, or "grass” 
as it is cormonly called. The adnlaium detectable echo pulse energy 
is that amoimt which Trill produce a pulse just detectable above the 
noise. The absolute value of the niniimm enejrgy is a difficTilt 
quantity to calcvilato because it depends upon so nany factors. To 
list a few: the i-f bandwidth, video bandwidth, pifLse duration, sweep 
speed, scan rate, etc. 

If one had to rely upon ths random app'^arance of a signal 
above the noise in every single sweep, it would be extremely difficult 
to distinguish the signal peak which night be exceeded by noise peaks 
in some intervals. If, however, it were possible to average several 
sweeps, it wo\ild be easier to detect the signal above the noise. This 
is because the signal peak, consisting of signal plus noise, would not 
be essentially altered while the noise level has boen reduced. It 
would be extrecEly unlikely that the random flxictuations of the noise 



««NK«iBk L£hr i^Iva *<i ai »»»^nrl '^ij; 

AldMTwtj^ e.£jnis? d^r^cSi jjid^on ^lic* •wul •« .•IT®'! wartr 

••Iwn odv* 

hmm^9^ «x ii 11 ,T^no« seLjii ^rf>3 «rt^ in® ‘t%lit':t*oO 
JLLtw Cr^*^'-** ^aqooe "A'* oi tl 'to Ba*** eo.+ 

a«9i.'^ ^gioxii &^^c^ H .oosv^ lm> aoits^lm* ^ moebo’v 

t§lon 'Wcf* noJ:’o€ll#b sri^ gnl^ooiBb n> vcMt'oJT!* ^ Mc aiV llbv 

ijf'i 8^08 . boxsot^oini 

"eeijn" "Sb ^scici* lo CxtiMaiato^cf axrfvJ’ octxil obsec^jf:. x-LLtBimrr3 Ujx 
^itoit UlLot^ «U1M oldJtSoo&ob amJnia ciiT ,bs^o xSf*oimbo r 1 &1 s» 
^•!f Orodil cf»*t stXif' t imaeTxnq JXt^ ihxi^ »± 

JXtf 3 tx*^r* « jaaciiJtjs Wii lo scjjair ®.-'4rIoartC wf? *»€±<xi 

x^ita 0 % ft£*:v 2 fn*f*i #± ^axmoecf P^£loc£*-c oi 
q 0 if^ E*J>- ^.'Cfi>iT!rb*»rf o#bJfc -7 1-i <t tT t 4 f»/f 

,3^< W« 0 « 

&H!^4 B ^ sotn**! no^ cl Imu 2f 

iit'oilllk ■^not»'»ib» •'/ fci>oV dx^qsewa Ql'ifsio v*3.vs :t aBlrp 0t!.i mxKSz 
rii — I «iiv XV «C a-.>t^ if^q mli oj 

£bt 0^ t%i'iavs bi*w ;fl ^itvewori . I^vioJ/ti: mm^c tit 

«iiC .**±o« •!/ W9uiia JUMTCi^ md I^D/c.* il ^sqoVi 

(Jott ift**BTr ^«si«i X-«rJ» lo X»»r»# r*. *»o^t ai 

. 5 »opt^ I 3 P^ ••rt i»»^ Mien *£Arf» 'jXJAiin®C89 M 

•B±«a «4t(t xXttUSfti' t^04«il)a» V tl«cw 



peaks would oocxir in the saae plaoa on the trace. The a^Drago 
of ceveral swoops !ias 'the effect of reducing the peaks to soiae 
nearly average ^*aluo. This is essentially on integration process 
which could bo acconplished laechanically but is unnecessary because 
the eyo perferaae this task exceedingly well. In a series of tests, 
described in Section 8.2 of Haferonce (3), the signal to noise 
ratio' was adjusted until a group of obserrers, using an A-scopo, 
could correctly identify the signal froa tho noise nine out of ten 
tiros. 



Now, if •vre take the ratio of the laaxinaua range for two different 
pulse ra'tes, wo see that 



and if we substitute equation (3) into eqiiation (it), the range 
equations reduces to 



Considering only equation (U), wa might have expected that tho 
pulse repetition rate need change by a factor of l6 to change the 
ratio of the ranges by a factor of 2. But having seen how the 
miniimim detectable energy varies Trith pulse repetition rate, it is 
now apparent that the pulse rate must change by a factor of 256 in 



The results of those tests hawe shown that 
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order to change the ratio of the ranges by 2. Prom the previous 
analysis, it can be seen that holding average power constant is 
detrimental to the range bttt not nearly as mch as might have b een 
expected initially* 

Let us now briefly review the types of modulator circuits 
in use. We shall consider them in a general, manner only. For more 
detail, the reader is referred to the bibliograpty, references (2) 
and (U)« 

With the exception of special cases most of the ptilsers of 
today make use of the electrostatic means of energy storage. 
Capacitors or pulse— forming netirorks are the two elements used for 
this purpose. Figure I shows the block diagras for the basic 
circuit utilising energy storage by the above mentioned mithod. 

In this circuit, the supply voltage charges up the energy 
storing eleiaent during the Interval between pulses. During this 
time the switch is open* Tho power supply, isolating elenent, energy 
storage element, and load term tho charging loop. To create the 
pulse, the switch is closed j thus, the discharge circuit becones the 
ri^ht-hand loop of Figure I. During tho latter period, the isolating 
elemsnt servos to prevent excessive power boire drawn from the supply* 
Two types of BKjdulators oanbe developed from the basic 
circxiit. One, the hard— tube pulser, makes use of a capacitor as the 
energy storage element. The block diagram is shown in Figure H, In 
the hard— tube modtilator, the switch snust interrupt tte current in the 
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discharge circuit at the proper time. To do this, a driver circuit 
connected to tho grid of the snitch tube is necessary. The driver 
circuit is required to shape the pulse, to set the pulse repetition 
rate, and to naintain accurate pulse spacing. An «Kanple is the 
line-controlled blocking oscillator driver. The snitch tube mat 
be capable of carrying efficiently the large ptOsq currents required, 
A hlgh-pofPior switch tid>e frequently used is the 715-B. The isolating 
element raay be an inductor or a resistor or both. 

The line-type mod\ilator is the second and sinpler type. It 
relies on a pulse-foming network as the energy storage eleinont. 

This same network also shapes the pulse. In other words, the pulse- 
fcsrraii:^ network stores the amount of energy required for the pulse j 
then, the discharge circuit forms the pulse as it carries out its 
task. No driver circuit is needed as in the hard-tube pulser. A 
trigger voltage into the switch tube controls the pulse frequency. 

The open-erd, artificial transmission line type of ptilse-fonaing 
network is most freq^lent2y used when a pulse of excellent rectangular 
shape is wanted. The switch may be ai^ one of the followings rotary 
spark gap, “trigatron" , series gap, hydrogen thyratron, or mercury 
thyratron. Wliich one used in a particular circuit depends upon that 
circuit and its requirements. The isolation element in this type 
pulser is usxially an inductance. Inductance charging is used because 
of its high efficiency and because it permits charging the pulso- 
ferming network to a voltage approximately twice that of the power 
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supply. In this cacsj the isolation elenent is i*equired to prevent 
the high voltage charge on the pulse-fonaing notvTork from short- 
circuiting tho supply each time the network discharges. The in- 
ductance also serve* to slow down the rat® of charging. The power 
supply may bo either d-c or a-o depending upon the type of charging 
preferred in the particular circuit Involved. 

The two types of modulator circxiits have their advantages 
and disadvantages. The line-type pulser has a high efficiency, while 
that of the hard-tube type is low. The latter pulser does give 
somewhat better rectangular pulses. Pulse dxiration changes in the 
hard-tube ptilser are more easily accoiaplished because the switching 
is done in the low voltage circuit. The line-type piilser, however, 
does have a simpler circuit. This leads to easier servicing and to 
smaller siso and less weight. These last two factors are very Im- 
portant in many cases. 

In the preceding discussion we have not taken into consideration 
the conplote modulator. We have dealt only with the main conponenbs. 
Wiring, wararup circuits, relay circuits, overload circuits, and 
switching circuits have been omitted. Because all modulators require 
such circuits and because of the detail involved, they have not been 
Included in tho modxilators investigated. Let us, howevar, look for a 
iKJment at tho load of the circ^d.t. The load is a laagnotron. Since 
it is desired to mtch tho load to the pulse-forming network in a 
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line-typ® pulser, a piilse transforraer is required betTroen the 
aiodulator and the mgnetron. The pulse transforacr need not be a 
physical part of the niodulator. A pxilse cable laay bo utilized to 
Join tlve modulates* output to the input of the pulse transfomer 
located at sosb other point* Figure III shows a diragram for such 
an arrangensnt. In tho modulator circuits considered, the modulator 
is connected to tho magnetron by means of a pulse cable and piilse 
transformer. None of these iteas-pulse cable, pulse transformer^ 
and magnetron -* are included ae coE§5onents of the modulators for tho 
doterzaination of size, weight, and cost. 
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FIGURE I 



BASIC CIRCUIT FOR IIODUL.TOR UTILIZING ELECTROSTATIC 

SIJERGY STORAGE 




FIGURE II 

BASIC CIRCUIT FOR HARD-TUBE MODULATOR CIRCUIT 
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FIGURE III 



BLOCK DLVGRAM OF LINE-TIPE MDDUIATCR 




FIGURE IV 
EQUIVALENT CIRCUIT 
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It Tfa2 considered that the pulse repetition rate might have 
an effect on the size, weight, and cost of rader laodulatcrs. It 
was decided to uco the line-type pulser in preference to the hard- 
tube typie, but several factors had to be considered In naking this 
choice . 

A coBiaarison of tho two types of pulsers reveals that the 
line-type is n»re efficient, particularly at high pulse povfer 
outputs; requires a lower siipply voltage with inductance chargingi 
and the circuit is nuch siisroler, pemitting a sEialler and lighter 
modulator. Secondly, a nK>dulator of the line— typo has been designed 
and built to operate at a lOkc pulse repetition rate. Finally, it 
was considered tliat there urotild be no significant change in size, 
weight, and coot if tho hard-tube type pulser were used because the 
driver part of the circuit would remain unchar^od. The storage 
capacitor and svdtch tube would represent tho prinary changes. 

It was then detoriained which factors to hold constant as 
previously discussed. An atten^jt was made to use the same nsgiaetron 
at all pulse rates. This proved to bo unfeasible since lan^netrons 
are designed for specific pulse rates and peak power requirements. 
For this reason, it became necessary to choose a different mgnetron 
for each pulser. 
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The eqiiivalcnt circuit T?hich is used for tho analysis is 
shomi in Figinre IV, Consider first the discharge circuit which 
consists principaHy of the pulse-forming network, a hydrogen 
thyratron, and a load. It is advantageous from the point of vieir 
of simplicity to start the analysis at tlie load and work back through 
the circuit. The load for all the pulse repetition rates is the 
magnetron. If the operating point of the magnetron is known, the 
static resistance is 






E 

I 



( 6 ) 



where E and I are the operating voltage and current respectively, 

Lrroedance mtching is very important in tho design of a 
line-type pulser because of its effect upon the utilization of the 
stored energy and the pulse shape. In practical installations the 
magnetron is remote from the load. The optimum transfer of power 
will occur when the load matches the impedance of the pulse— forming 
network. The output of the pulser is usually fed into a coaxial 
cable which connects to the primary of the pulse transformer. The 
pulse transformer effectively matches the load to the pulse cable 
which in turn is matched to the impedance of the pulse-fcrming net- 
work, The cable commonly used for this purpose in the United States 
has an impedance of 50 ohms. 

It is now possible to calculate the equivalent capacitance 
of the pulse-farming network knowing the characteristic impedance, 

50 olmuj, and the pulse duration, 1 microsecond. If it is assumed 
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that the lossless netircrk is charged to somo voltage, , and then 
discharged into its diaraoteristic inipedancs, the energy originally 
stored in the capacitance, C^, is delivered to the load resistance* 
SKpressing this in tho form of an equation, to have 



Inductance charging, which ie almost exclusively used in 
ndcrowavo radar, has been assumed because it provides better isolation 
between tho switch and the poror supply and is more efficient than 
resistance charging. Purtheraoro, it was aosusEd that resonant charging 
would be used. Tho charging process begins with the capacitance 
initially uncharged. Because the resistance in the series L-C circuit 
is low, the voltage across tho capacitance osciHatea sinusoidally. 
During any cycle, tho charging voltage reaches a inaximuiB which is 
approadLaately 1.9 times the supply voltage. At the tins tho voltage 
reaches this mxinuy, tho current tlirough the inductance is sero* The 
following equatioiK illustrate this point. For d-c resonant charging 
with matched load the equations take the follcwing form: 




(7) 



where X is the pulse duration, and is the load rosistanca which 
eqxials tho characteristic impedance. Solving equation (?) fexr , 
we obtain 




(3) 
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For resonant charging coT^- • "iT , is raoxiimEn ■niien 17- 

therefore, since colraT' « 'cwC-t') Bwst equal aero* 



If the switch is closed at this instant, a voltage pulse of amplitude 

will appear across the load. With d-c resonant charging, the 

Z. 

valtie of the cliarging indxictanc© necessary can b© doterialnsd froa the 
following expression 
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Use was made of all these equations in the analysis of the 
circuits. For details of the calculation, see Appendix B, 

The quantities deteredned above, peak and average currents, 
peak charging wave voltage on the pulse-formire network, and the d-c 
supply voltage, are all necessary to the design of the charging reactor and 
the pfulse-forming network as well as the selection of a hydrogen 
thyratron. In order to deterriine the size, weight, and cost of these 
co 25 x>nents, trade catalogues, sales representatives, and manufactxirers 
were consvilted. 
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RESULTS 



The resiilts of the imrestigaticm are presented in the 
follcming table. Tho Kodiilators consldored az’e listed by the 
pulse repetition ratos| i.e., ae lOfb, and 2 Ec, and UOO, The 
ToluBo Is gitren in cubic IncbeSf the Height in poinds^ and 
cost In dollars and cents. 
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TABLE I 



Binaaation of Siae, Weight, and Cost 
For Bach of The Modulators 



Kodulatcrr 



Ceziponent 


Uoo 


2Kc 


lOKc 




Size (VoluMs)(cu 


•in.) 




Charging IJeactcr 


im.CX) 


11,87 


9.66 


Snitch Tube 


I 43 .OO 


32.90 


83.30'^ 


Pulse-Forning Hbtnoi'k 


53.70 


i;5.90 


72.60 


Shunt Diode 


5.15 


5.15 


5.15 


Shunt Resistor 


0.35 


0.35 


0.35 


Total 


2hS.20 


96 . 07 ' 


176.06 




Weight (pounds) 




Charging Iteactor 


10.50 


3.0 


1.0 


Stritch Tuba 


0.59 


0,625 


1.5'" 


Pulse-Fonaing Ifetwork 


2.75 


2.75 


U.o 


Shunt Diodo 


0.5 


0.5 


0.5 


Shunt Resistor 


0.1 


0.1 


0.1 


Total 


WM 




THT” 




Cost 






Charging Reactor 


♦36.00 


$19.00 


♦lli.OO 


Snitch Tube 


12.75 


. 33.05 


150. 00"^ 


Pulce-Fondng Jfctwork 


35.00 


35.00 


50.00 


Shunt Diode 


18.00 


10.00 


18.00 


Shunt Resistor 


.33 


.33 


.33 


Total 


♦ 132.03 


$ iwm 





+ For explanation and altomative see Diecuosioa 
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Befar® conaidoring the results of the invcGtication^ let 
us discTisa the ocope of the table. Only the nain coc^neiite of the 
modulator ■srere iised for cieterHilning the aize^ weight, aad cost of a 
unit because thsso coaponents are the parts of tlie sodulator iJhioh 
charge as the pulse repetition rate is varied. The wiring, wanarup 
circuits, overload relays, and various other auxiliary circuits would 
be necessary in all oodu^ators and would not be altered to the extent 
where they nood be considered. Also, great detail of design would 
bo eiwounterod if these circuits were included in the investigation. 

Ilo dotersdnation of conponont spacing for insulati<ai purposes was 
ntide. In this regard, it was assujaed that since the peak voltages 
appearing in the Modulator circuits varied inversely as tbs pulse 
repetition rate (the lOKc modulator havii^ the smallest peak voltage), 
the insulation spacing would tend to decrease as the pulse frequeiwy 
increased, Thua, lookii^ at Table I, the J*00 nodxilatar lias the l£a*geat 
volume. Since this modulator also carries the highost voltage, the 
insulation si»cing would tend to increase the voIuiog size. Also, 
sc®9 spacing is required because of the ^lape and necessary position 
of the components. As a result of the foregoing, it was decided to 
use the voluxae occupied by the main coa^jonents far size con^iarison, 

Anotlicr assua^jtion was made for the cooling of the modulator, 
Fcrcod air cooling Tdth an aidbiont tenp^ature of PO^G*; was assumed 
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for deelgn purposes. The cooliae system isas not considered as 
one of the conpononts of tlie laodulator , Depending upon the in- 
stallation, various systejaa of coolin;^ are used. One oodulator 
nay have an indivldtial bloswr. Another pulaer my be cooled by 
mans of forced air delivered frcaa a central fen located elacrehere 
in the installation. For the purpose of the invactigatlon, it iras 
assumed that the modulator cooling systeaia would bo esoentially the 
same and could, therefore, be ignored. 

How lot us analyse the results of the investi^jation* 

FlroBJ Table I it is obvious that tbs 2Ko laodxilator, which has a 
volufflD of 96,07 c\ibic imhos, is the smallest. The IDKc puloer 
stands nert in size with a voluaia of 176,06 cubic inches, and tlie 
2li8,20 cubic inches occupied the ij.00 oodulator is by far the 
largest voIuhb, This would seem to indicate that a mdiua repetition 
firequsney is advantageous for size considerations. Looking at the 
individual con;jononts reveals that the size of the charging reactor 
decreases as the pulse repetition rate increases, Tlie snitch tubes 
and the pulse forming networks follow the same trend. Both have the 
least volum at the 2Kc frequency and are Largest at the lOKc re- 
petition rate. 

The lUJiU pounds of the UOO oodulator is twice the weight of 
either of tlio other two Modulators, The 2Kc, the lightest pulsor, at 
6,975 pounds and the IDKc at 7,1 pounds ere v ry close in weight. 
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Th 0 noglcictod cooling coinpononts, Tdring circuits, and insulation 
spacing could bo of deciding value between these units. The weight 
of the charging reactor decreases, and the weight of the srritch tube 
increases as the pulse repetition rate increases. The weight of the 
pulse-farning network renains the sase at UOO and 2Kc, but it increases 
about at IDKe, 

The cost group of Table I reveals tliat the IDKc pulser is the 
most expensive. The main components would cost fi232.33j as compared 
to $10$ ,38 for the 2Kc modulator and $132.08 for the U.00 pulsor, 

Ifere again, the 2Kc holds the lowest figure. As the repetition 
frequency increases, the cost of the charging reactor decreases. 

The cost of the switch tube for the lOKc modulator is approximately 
of the total cost aid is the costliest of the three. The UOO 
pulser STfitch tube is the next most expensive, and the 2Kc tube is the 
least costly. The price of the pulse-forming network follows the saa» 
trend as the Treight, differing only in the lOKc modulator ifeero it 
increased. 

The column totals of the groups of Table I show that the 
size, weight, and cost tend to decrease when the repetition rate 
increases from UOO to 2Kc, Prean 2Kc to lOKc these factors tend to 
increase viith the repetition rate, Tho weight increase from 2Kc to 
lOKc, however, is slight. The results indicate that tho best region 
of operation for size, weight, and cost considerations is the 2Kc 
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sector, Docreao±n^ tiie ptilss repetition rate froa this level 
leads to great increases in siae ard iRrelght anti a laodorate increase 
in cost. With an incr'^ase of repetition frssiuency abo^ 2Kb, the 
cost and oiae beco!» snich greater, bub the weight renains approcdjaately 
the saise. 

It is to be noted In Table I that tJre pulso— fonaing network 
is greatest in siao, weight, and cost at the lOKs repetition rate. 

At first glance, this would seea to be in err or »f cal’ the charging 
voltage of this particular network is the lowest, only 2.J2K7, But 
in this circuit, the average current and, tbao, tho dissipation 
losses are hi':hor than in the other networks. The larger case is 
needed priiaarily to facilitate the dissipation of tho losses as boat. 

The i*00 and 2Kb networks, having less losses, are smaller. Although 
the two aro estlmtod to be of the same weight and cost, the 2Kc is 
slightly larger in voluiao because of sli^tly liighsr dissipation losses. 

The switch tvibe of the 10Kb jaDdulator circuit is a tentative 
selection. Two hP3$ lydrogen thyratrons in parallel were used in 
the line-type 10Kb Modulator actually constructed and operated. It 
was decided to replace these with a single tube if possible, ihe oao 
used, the ^9li9/l907, is a new tube, 3h fact, it is the first of a 
series of now thyratrons. With Its ability to carry an average 
current of 500 milliaa?)ereo, this tube can easily handle the 220 
will iaa^re ciuYent of the lOKc awdulator, Tlie peak ratings for 
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voltages and currents are fsr above those oncotmtorod in the 
circuit, but the seloction tob made for the basie of rep^^sontation. 
With develoixaant prcgrosaix^ as it is, a th 3 rratro!ri vSiich vrill more 
efficiently meet the roquiroments of the lOKo aodulator vlll bo 
designed. Tliis tube f\irni*4ies data vrhich is subject to chai^* 

Perhaps conething more nearly like the iiC35 nlH be constructed. 

Should this happen, the following changes would be mode in the 
IDKc colujan of ?ablo 1 5 the total volume would be reduced ly 
cii)io Snehoe, cr to 120,66 ct±dc inches} the weight weald becono 
6,22$ pounds instead of the preoent 7*1 pounds j and Idle cost would 
decrease from f 232 ,33 to $115.38. This would substantiate the trend 
of the weight to doorcase as the repetition fl’equency Increased, The 
size and cost, hewever, still are greater than those of the 2Ec pulser} 
but the inesroases are lauch loss. An increase of 2U#59 cubic inches 
in voluae and $10 ,00 in cost would exist, in the com 5 d.ete modulator, 
those differences could possibly disappear. 

The results of the investigation indicate that the weight is 
the only factor viiich does tend to decrease as the pulse I'epetition 
rate increases over the rai^e considered . The siss cuid cost do- 
creaoe to a low point at tte middle repetition frequeiity and tlion 
increase again at the high range. Figure V grapMcally demonstratos 
the trend of tdso, weight, and cost of the modalatar as the pxilse 
repetition rate varies* This plot is for the pulsor consjononts 
selected originally. It does not include the possibility of a cooller 
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FIGURE V 



Plot of VoltujK, height, and Cost 
versus 

Pulse Repetition Rate 

Note: The liiKS Joining 

points are for the pttrpose 
of illustratjjig trend only. 
They cannot be vised to ob- 
tain values betvreen the 
plotted pulse repetition 
rates. 
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switch tube in tho lOKo circuit as discussed above. 

One other consideration should bo mentioned, for it my 
have a decisive effect for a complete radar installation. In the 
line— type laodulator utilizing inductance charging, the power supply 
voltage required decreases as the pulse repetition rate increases. 

To illustrate this, the power suj^ly voltage required for the UOO 
modulator is 6.21 KVj for the 2Kc, 3.09 KV; and for the lOKc, 1.22 KV. 
It -would seem that such changes In voltage ivould males possible 
similar changes in Uie unit supplying the -vol-fcage. Smaller voltages 
require smaller generating xinits and, tharefere, less overall size, 
weight, and cost of the complete installation. 

Mare general and overall views can be derived from the fact 
that tho maximum voltages decrease in -the circuit as tho repetition 
ra-te increases. As mentioned earlier, the Insulation spacing re- 
qulremants will decrease as the maximum -voltages decrease. This 
trend will also hold true in stand-off requirements. With these 
space-taking factors lessening, the volume of the high repetition 
frequency modulator -will be reduced. Looking at the -voltage 
differences again, one can see that this reduction may be considerable . 

The pulse cable, pulse -fcransfonaer, magnetron ,soclmts, and 
chassis were ordt-ted in the investigation. As was stated in the 
Introduction, the first three i-bems -were not considered as coo^jonents 
of the modulator proper. The sockets and chassis -were excluded al- 
together, for it was assrunmd that their size, -neight, and cost would 
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follow the troai of the principal coaponents. These omissions 
and the asnunption are not truly justifiable. In nary cases, the 
corplste modulatcr has the considered conq^onentG plus the cable, 
transforner, and nagr:ietron in one unit. Thus, the size, trsight, 
and cost variations with jjulse rato of these omitted items would 
be influential. The pulse cable and the pulse transformer factors 
would probably deerrase as pulse f reo.uency increases . This is due 
to the decrease in voltages in the circuits. How tlie size, freight, 
and cost of tire riignetron will be affected is sosieiidiat unpredictable 
because of the many corrsiderations involved. However, it would seen 
that the siz®^- and weight would follow the docroasing voltages as 
the repetition rate increases. Since sockets arc essential to the 
tubes and cables used, it can be assunmd that tlie socket factors 
would vary in a like mannsr. A review of tlie pidncipal coroonsnts 
and the itono considered above indicates that the claascis would 
decrease in size, weight, and cost as hij^er repetition rates are 
used. 

The total mnufacturing cost of this piece of equipnsnt 
would not be corrplote without the price of labor. This quantity can 
be only roughly predicted at this point. It vrauld seem that labor 
costs would increase slightly for the higher pulse rates. This 
belief is held because the whol® modulator unit becomes smaller and 
is, therefore, more difficult to construct dtio to space restrictions. 
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Braliiation of the results of the invostigation laodified by 
the above discussion seems to indicate that the size and the weight 
of a radar ntodulator may decrease as the repetition rate is increased* 
Cost is even noro aabiguous* Integrating the cost fluctuations 
discussed Td.th the consideration of quantity production of individual 
coa 5 )ononts, as well as modulators, leads to great confusion* However, 
it may be that the pulse repetition rate used will cause only negligible 
variations in the total modulator cost* 

In the evaluation of this investigation, it must be remeefcered 
that the factors are based on the present items available at their 
present prices* Future developments will have their effect on the 
coE5>on9nts with respect to size, weight, and cost. This will bo 
reflected in the physical characteristics of the modulator* 
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CONCLUSIONS 



Tho foUorring conclusions are developed £rom tho in- 
vestigation, but are ipertinent only so far as tlie aain components 
are concerned. These are the pulse— forraing network, the charging 
roactor, tho hydrogen thyratron, the shunt diode, and the shtint 
resistor. Such iteias as wiring, wansi-up circuits, overload relays, 
and pulse transforners are not considered, 

1. The size of tho radar zaodulator tends to decrease at 
first as pulse repetition rate increases but then irnroases at the 
highest rate. This nay indicate there is sons intomediate frequency 
at which a modulator of ninimua size could be constructed. As noted 
previously in the discussion, peak voltages decrease with Incroaslr^ 
pulso rate. This Trould probably result in canaller stand-offs, chassis, 
pulse transformer, and pulse cable as the pulse rate increases. 

Coupling thoso with the irproved design of a pulse-forming network 

and thyratron, it is vary possible that a lOKc pulse rate modulator 
actually constructed night be considerably smaller, relatively, than 
is indicated in the results, 

2, The weight of tho pulser tends to decrease at first as 
the pulse repetition rate increases and then remains nearly unchanged 
at ths lOKc pulse rate. In conjunction with the statements of item (l), 
since these aujciliary con^jononts are sumller, they T«Duld probably be 
lighter. The effect of this over-all contribution might be to continue 
ths downward trend. 
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3. Tho cost of the modulator is perhaps the most difficult 
to evaluate. All cost figures are representative of today's prices. 
Some of ihe higher prices reflect that the demand for these components 
are not very great. In particular, the hydrogen thyratron used in 
the lOKc modulator is over flOO more than the thyr-trons used in the 
other modulators. If high ptilse repetition rates become the rule 
rather than tho exception, this thyratron -would probably become 
competitive in price -with the others since -the demnd -would be 
greater. As in items (1) and (2), other auxiliary cocroononts re- 
quiring smaller ratings might cost less. Although tho authors hesitate 
to make any concrete conclusions in this respect, it might be that the 
cost differential from one modulator to -liie next is small enotigh so as 
to be of little consequence if the modulatcr -wore actually unier con- 
struction. 
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A. SUMgAirr OF mT.\ AtP GAIgUIATIOtE 



Congjuted valuoj? fcac the laodtilatoz* circuits* 



TABLE II 

P\ 2 lae Repetition Rate 

Average Po;ver Out 

Pulse Duration 

Magnetron 

Duty Ratio 

Peak Power Out 

Magnetron Efficiency 

Peak Input Pa>Ter 

Peak ifagnetron Voltage 

Peak ’Magnetron Gaarrent 

Ifagnetron Resistance 

Pulse Transfoimr Turns Ratio 

Peak Mtxitilator Current 

Average Ibdulator Gurront 

Charging Voltage of PFlf 

Power Supply Voltage 

Charging Inductance 

Average Charging Current 



Uoo 


2Kc 


lOKo 


130 w 


130 w 


130 w 


Imicrosec . 


Inicrosec . 


Imicrosec 


M31 


2J2^ 


2J70 


.OOQb 


0.002 


0.01 


32^ 


65kw 


13kw 


^2% 


U2^ 




62Ukw 




2likir 


22.3kv 


llkv 


6kv 


28anps 


lU.Olianps 


Uaaps 


797oh3B3 


783 ohms 


iSOOoteK 


3.99 


3.96 


5.U7 


111. Samps 


^5.6amps 


22asg)s 


Iil4.7ma 


111. 2m 


220aa 


11.18kv 


^.^fcv 


2.2kv 


6.21kv 


3.09kv 


1.22kv 


63 .Ih 


2.92h 


lOOnh 


U9.6ina 


12lam 


237m 
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TABIS III 



Conponsnt Hatinso or fyp^s Seleoted for the Three IbdulatcarB 









- •— lixiulator- - - 




Conponent 




Uoo 


2Kc 


lOKc 


Charging noactor 


63.1 h 


2.52 h 


100 Bh 


Switch Tube 




5C22 


UC35 


59U9/1907 


Pulse^orsiing Ifet-Kork 


12E5-1-U00- 

50P2T 


6S5-1-2000- 

50P2T 


3E5-1-100I 

50P2T 


SlTunt Diode 




3B26 


3B26 


3B26 


Shunt resistor 




Ik-lOw 


Ik-lOw 


ik-lOw 






TABLE 17 








Charging Reactors 








Size (cu.in.) 


Weight (# ’s) 


Cost 


I/edulator 


a 


b c 






Uoo 


U.31 


5.06 6.U6 


10.5 


$36.00 


2Kc 


2.62$ 


l.o6 U.25 


3.0 


19.00 


lOKc 


1.81 


1.9U 2.75 


1.0 


lU.oo 






T.IBLB V 






Pulse-Forndng Het'works 






Kodulator 


Size (cu.in.) 
a b c 


Weight (# »s) 


Cost 


Uoo 


2.25 


3.75 6.25 


2.75 


♦35.00 


2Kc 


2.5 


3.75 U.875 


2.75 


35.00 


lOKc 


3.75 


U.56 U.25 


U.o 


50.00 



Size here refers to a rectangular case •where a is the length, b is 
the width, and c is the height over— all. 
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TABLE VI 



Switching Tubes 



Modulator 




Sisc (cu.in.) 


Weight(#>s) 


Cost 




h 


d 






IlOO 


8.75 2.5 


0.59 


$li2.75 


2Kc 


6.7 


2.5 


0.625 


33.05 


lOKc 


12.0 


3.06'^ 


1.5"' 


150.00’^ 






Shunt Diode 






All 


U.2 


1.25 


0.5 


18.00 






Shunt Resistance 




All 


2.0 


0.U68 


0.1 


.33 


Size here refers to 


a cylindrical volua*3 where d is the 


outside 


diaaeter and 


h is 


the over-all height 


or lei^th. 





For explanation and alternative see Discussion* 
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B. SAIiPL^ CAICUIATIONS 



Refer to Figure IV for the equivalent circuit used in the 
folloTring analysis. The analysis of circuit -sdll be raade using 
the lOKc pvtlse repetition rate as representative of the calculations 
necessary. 

Tho magnetron chosen for use at this piilse rate is the 2J?0. 
At this pulse rate the nEgnetron has the following operating 
characteristics : 

E - 6kv 
I a li aiaps 
eff - 

The peak porrer out is E x I x eff, and in this case is 13 tor. The 
average power is the peak power tines the duty ratio. Thei'efore 

■ ?peak == ’ Vak == 1: * 

P. - 13 X 10^ I 10"° X 10"“ - 130 TOtts 
ave 

The static resistance of the la^netron is 5/1 ■ 6kv/baiJKJS • 1^00 ohms. 

If the pulse tranofonaer has the ratio of the secondary turns to the 

prinary turns equal to the load will be reflected back to tiie 

primary as $0 ohms, which matches the inpsdnace of the coaxial cable. 

The voltage and c\UTenfc necessary in the primary to provide the proper 

operating point are ^ 

Ej^ ■ “ 1.09 kv 

Ij^ ■ U X 5.^ “ 22 amps 

I^^g • 22 X .01 • 220 nan^js. 
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The eqvdralent capacitance of the pvilse-forrains netTrork ia given 



b7 



C 



± . IS- 




farads 



The inductance necessary for d-c resonant charging is 

Because ise know what the voltage must be across the prisvary 
of the pulse transforner, the voltage across the pulse-forming network 
is also known since it delivers a pulse of ac^litude of half the value 
of the charging voltage. Then 

- 2 X • 2 X 1.09 ■ 2.18 kv 

When using resonant charging, the pulse- forming network will charge 
to a value which is between 1.8 and 1.95 timos the d-c supply voltage. 
In the analysis we chose to be conservative and used 1,8 

E . 

• 2,18kY^,8 • 1,21 kv. 



The average charging current is given by 



ave 



Tr 
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^ ‘ckC't'iclt 
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^ Ifir^t el v^UTTPS--. :;xj^^»6 



Substitution of tho previously calculated values in the integrated 
expression show that ■ 0.237 augjs* 

This completes the necessary calculations to dotermino the circuit 
pararoters and tho voltage and current ratings. 
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ORIGm\L DATA 



Tube inforiaation was gathered by referriiiG to tube mamials 
and catalogs of the following companiest RCA, Raytheon, Sylvania, 
General Electric, and Eitel-lSoCullough* The cost and freight of the 
3B26 was obtained from the Poirer Tube Division of the Raytheon 
IJanufacturing Cos^jaiy, Waltham, Jilassachusetts, The cost and weight 
factors for the ^22, UC35» and $9h9/l907 were furnished by 14*. 
Richard Hodges of the Sylvania Electric Ftoducts Company, Electronics 
Division, Woburn, Massachusetts, 

For inforraation concerning magnetrons, the Joint Arny-Havy 
Specifications for Radio Electron Tubes, JAII 1-rA, a nd Reference (l) 
of the bibliograplxy were used, Raytheon l&nufacturing Coepany and 
Lincoln Laboratories furnished operating data on the 2J70, 

Tlae design engineer of the National Capacitor Company of 
Quincy, Ifessachusetts, li*, W, E, Carlson, furnished the figures for 
the pulse-forming networks. The charging reactors were designed 
and the costs estimted by 14*, H, N, French of tli3 ifevrton Engineering 
Service in Renebury, Massachusetts, 

14*, S, Tf, Hathaway of the Raytheon IJanufacturing Coapary 
was very helpful to the authors by his introductions to the vaarious 
departments of that company. The practical discussion of modulator- 
design which the authors had with IJr, J, J, 01/vcr, the modulator 
design engineer of the Raytheon ISanufacturing Coepany, was valuable 
ani interesting. 
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